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Abstract

This report covers the second phase of a four phase ?togra-
to develop a cold cathode ion source mated to a quadrupol.é mass
spectrometer., The completed unit is to be used as a residual
gas analyzer. The cold cathode (magnetron) ion source was chosen
because of lower background noise and higher sensitivities than
the usual hot-filament types. This report describes the design
of the ion source and the mass spectrometer and gives details of

the construction and experiments with the' ion source.
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OBJECTIVE

The cbjective of this program Las been to develop and test
an improved cold cathode ion source for use with a quadrupole
mass analyzer. The primary aim has been to increase the sensi-
tivity of the source consistent with the requirements of a

practical analyzer,of which a preliminary design has been made.
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INTRODUCTION

This program kas been undertaken to fill the need for a mass
spectrometer for measuring partial pressures in the ultrahigh
vacuum (UHV) and extreme high vacuum (XHV) regions. Two funda-
mental problems have limited this capability in the past, both
lying with the ion source portion of the spectrometer. One is in-
sufficient socurce sensitivity. The other pertains to source
cleanliness.

Mass spectrometers commenly use an ion source with a hot
filament., the latter supplying electrons in abundance for molecular
ionization. While this type of device has much to recommend it,
the above stated problems severely restrict its usefulness in
ultrahigh vacuum. A primary difficulty is that the heat generated
causes both decomposition of gases and their evolution from the
source itself. thus causing confusion irn both the type and amount
of gases to be measured. Cold cathode ion gauges of the magnetron

(1.2) on the other hand have sharply reduced this difficulty

type
while producing the highest sensitivities thus far attained: the
sensitivity of these devices results from immensely increased
electron path lengths, effected by crossed electric and magnetic
fields. This research program has been directed toward adapting a
cold cathode magnetron type discharge for use with a mass analyzer.

The first phase of this program (Contract NAS1-2691, Task 2)(3),

demonstrated the feasibility of this approach by constructing and




testing a cold cathode ion source. In essence, the source consisted
of a magnetron configuration modified to allow extraction of the
ions from the discharge. The ions are thus accessible for analysis
with a mass spectrometer. Studies revealed, among other salient
characteristics, an ion beam sensitivity of 5 ma/torr after passing
through an aperture 3.0 mm in diameter. This is 500 times the
sensitivity of conventional hot filament mass spectrometer ion
sources. A companion study showed that a quadrupole mass spectro-
meter was best suited to the energy and dimensions of this beam

and tentative design parameters were specified.

The present phase of the program has been directed toward
developing and testing an improved source design. 1In particular,
methods are investigated for improving beam intensity compatible
with the energy and dimensional requirements of a quadrupole mass
analyzer. A quadrupole design chart has been composed to aid in
optimally matching source and quadrupole characteristics.

The new source has been designed to include some improvements
while deferring others to allow versatility in determining optimum
electronic parameter values, optimum positioning between source
and quadrupole and to allow testing the effectiveness of an electro-
static lens. Source and experiments were designed for study of
source response to variations in pressure and gas composition sub-

sequent to optimization studies.
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I ION SOURCE DESIGN

A. Overall Electrical and Mechanical Design

Figure 1 and Figure 2 illustrate, respectively, the electrical
schematic of the source and the more detailed mechanical layout,
drawn approximately to scale. Figure 3 is a photograph of the in-
ternal components mounted on the flange.

Three sections are shown as follows:

1. The magnetron portion or source proper. This consists
of a pusher cathode (Kl), an extractor cathode (KZ)’ an anode (A),
two auxiliary cathodes and a stack of five (5) cylindrical magnets.
2. An electrostatic lens. This consists of three aperture
1° L2 and L3.
3. A probe. This consists of a simulated quadrupole

plates L

aperture plate (Q) and a Faraday cup or ion collector (C). It is
used for studying ion beam characteristics and can be made to
simulate the dimensional and energy restrictions of a quadrupole
mass analyzer.

The source Las been designed so that both probe and lens are
moveable with respect to the magnetron and each other and so that
experiments may be conducted with the lens either in or out of the
system. Electronic access has been provided to allow monitoring

currents and/or applying potentials to K,, A, L2’ Q and C.

13
Each of the three sections are supported on a steel mounting
cylinder either by direct spot welding or via insulated spacers

(sapphire balls are used for L2 and the anode, kovar~to-glass studs
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FIG. 3 VIEW OF INTERNAL COMPONENTS OF COLD CATHODE
ION SOURCE. FROM TOP TO BOTTOM:
MAGNETRON, LENS AND PROBE




for the remaining elements). The mounting cylinders are supported
on three steel rods which are welded to a flange. Electrically,
this design provides a guard-ring arrangement for all elements not
operating at ground poterntial. Mechanically, the design permits
alignment and inspection of components when the flange is removed
from the housing.

Positioning is accomplished by sliding the lens and/or probe
along the three supporting rods. The probe is adjustable with a
positioning reod, wkich passes through a "Swagelok" connector,
without opening the flange. The lens assembly is moved forward by
pushing with the probe. (The flange must be removed to move the
lens backward). Measurements on the positioning rod outside the
source enables determination of distances between the lens,
magnetron and probe.

The '""Swagelok" connector was designed for use during source
sensitivity studies only (both with and without the lens), at

pressures in the 10_8 torr range. Since the "Swagelok's" teflon

~-washers are not bakeable at high temperatures it is essential that

they be removed for studies at lower pressures. (The plan
originally called for replacement of the entire connector with a
ceramic feedthrough welded into the flange subsequent to the

sensitivity studies. For reasons discussed in Section IIIC, this

plan was not followed. It should also be indicated that the 'Swage-

lok" proved less beneficial than expected due to its tendency to

bind.
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Feedthroughs are made of a high alumina ceramic, 430 stain-
less steel and a gold alloy seal. Ion source elements are of
Nichrome~V, while the remaining elements and housing are of 303
or 304 stainless steel. All flanges are standard Varian "Con-
flat" flanges using a copper gasket. The materials used enable
the entire unit (with teflon washers removed) to be baked at |
450°C.‘ Sealed joints are heli-arc welded. These have been kept

internal wherever possible to prevent gas traps.

B. The Magnetron

The magnetron portion of the cold cathode ion source, in
both the feasibility study and in the present one, is a modifi-
cation of the magnetron gauge described by'Redhead(l). The
reasons underlying its choice over other types of cold cathode dis-

(3)

charges can be found in the final report of the feasibility
study, tcgether with a comprehensive bibliography on the subject.
Application of the magnetron gauge as an ion source for spectro-
metry purposes required that the normal magnetron configuration be
modified to allow an extracted ion beam. This was accomplished by
separating the single, spool skhaped cathode into two cathodes, one
with a remnant stub and one with an aperture. Modification of the
horseshoe magnet ordinarily used was also necessary.

In the present source the magnetic arrangement was further
modified. Magnetic pole pieces which were in front of cathode K2

and behind cathode K, have been removed (Figure 1). 1In addition,

1
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the array of horseshoe Alnico magnets previously used have been
replaced by a stack of cylindrical ceramic magnets. Among the
benefits of this modification are the following: (1) Elimination
of pole pieces reduces surface area and gas traps to allow im-
proved UHV performance. (2) The quadrupole can be brought closer
to the ion exit aperture (K2) for more efficient utilization of
extracted ions - whether a lens is used or not. (3) The
cylindrical magnets provide a far more compact design than those
previously used.

Provision has been made for monitoring cathode current at K1

(which indicates total pressure) and for applying a potential drop

between K, and K2 to study the effect of this potential on the

1
extraction of low energy ions. Cathode K2 has been grounded to
keep it at the same potential as Q. Since Q must be grounded for

proper operation of the quadrupole this arrangement prevents un-

desirable lens action in the intervening space.

C. The Probe

The probe, shown in Figures 1, 2, and 3, is a commonly used
_ method of exploring ion energy distributions. It consists of a
| Faraday cup or ion collector C preceded by an aperture plate Q,
which serves as an electrostatic shield.

An ion beam incident on Q and C when both are of ground
poteﬁtial will produce a current at C (Ic). This will be produced

by ions of all energies incident. However, if a positive potential

-~ 9 -



is applied to C (Vc), ions with energy less than ch, where e is
the charge on the ion, will have insufficient energy to overcome
the potential barrier and will be turned away. A plot of Ic Vs
Vc will therefore provide the ion energy distribution of that
portion of the beam passing through Q.

By making the aperture in Q to correspond to the dimensional
restrictions of a quadrupole mass spectrometer and the retarding
potential VC to correspond to the energy restrictions, the probe
serves to give the useable source sensitivity in amps/torr
referred to a quadrupole entrance. A Q aperture of 1 mm was used
in the present study. The probe was designed to be moveable so
that beam characteristics could be measured as a function of dis-
tance from the source as well as a function of different object and
image distances with the lens in use.

In practice the beam emerging from K2 contains electrons as
well as ions. This serves to make Ic negative when Vc exceeds some
positive value. When IC is plotted against Vc, to obtain the ion
energy distribution, special problems of interpretation result
which will be discussed with the presentation of experimental re-

sults in Section III.

D, The Lens

1. Analytical approach, lens limitations:

Literature on the optics of charged particles is almost totally
concerned with electrons. While the laws governing ion and electron

optics are essentially identical, the properties of the present

- 10 -



source and the requirements of the present lens pose fundamental
differences in the problems of usual concern in electron optics.

The peculiar beam properties of the cold cathode ion source,
which must be anticipated, are large divergence, lack of homo-
centricity and large ion energy spfead, (from an optical view
point). The peculiar lens requirements are concenfration of the
largest number of ions from this beam into a small aperture (1 mm
in diameter) while maintaining minimum ion energy (for optimum
source sensitivity - discussed in Section 1V).

An electrostatic lens was chosen for this work over a magnetic
one. Among its relative advantages are small bulk, versatility |
and a focal length independent of charge to mass ratio (e/m)(4).

As a result of the latter, electron electrostatig lens studies, in-
cluding experimentally determined focal lengths, are applicable to
the present ion lens design.

The approach taken to the lens design was to treat the quad-
rupole entrance aperture as image and the ion source extractor
aperture as object. Since for every object point there must then
be a conjugate image point, it follows, (discounting aberration
effects and aperture limitations) that all ions from the object
hole must land in the image hole. This approach eliminates the need
for knowing the extracted ions' angular distribution and requires
no restrictive assumptions, such as beam homocentricity.

To ascertain optimum lens design and optimum operating para-

meters, a most pertinent fundamental optical relationship,Abbe's sine




(5)

law, was enlisted. Derivable from the principle of least action |

it is independent of lens system or type of radiation. Applying
it to ion optics, a relationship is obtaingd between image current
intensity (current/unit area) and radial and axial ion energy,
namely

j' = j(v' sin2 0'/vV sin2 Q).

Here, j* and j represent ion current intensity at image and object,
respectively; ©O' and O represent the angle which arbitrary ion
paths make with the lens axis at image and object, respectively;
V' and V represent corresponding ion energy per unit charge at the
image and object,respectively.

It can be seen that a fundamental limitation is placed upon
the maximum attainable image intensity by the ion energy re-
strictions at the image imposed by a mass analyzer. High image
intensity requires large V' and/or large O', while low axial and
radial energy at the image requires small V' and 6'. An optimum
compromise between the two goals is therefore necessary.

Abbe's sine law also provides one of the important reasons

for choice of an einzel lens design. Here, ions leaving the lens

have the same energy as those entering. It therefore, has been
possible to design a lens (discussed in Section ID-2) so that V'=V,
thus leaving total ion energy intact. This is at the expense of

increasing the radial component of the energy. However, the radial

component increases only as the square root of the total energy

- 12 -




increase which would be required of an accelerating lens to produce
the same intensity.

An additional source of intensity limitation arises because
source ions are not monoenergetic. Reduced intensity herevresults
because ions of different energy cannot produce an image at the
quadrupole entrance aperture for the same lens operating conditions.
Since no methods presently exist for the solution of this problem
(chromatic aberration) in electron (or ion)optical systems(s), the
only recourse is to image about the energy of greatest intensity.

Finally, intensity is a function of lens electrode aperture
size and spacing. If for a particular positioning of object, image
and lens the outer apertures of the lens are too large, then the
electrostatic field bulging through them is distorted by object or
image electrodes (or by interference from the magnetron field bulging

(7,8) and hence,

through the K2 aperture) with resulting aberration
reduced image intensity. On the other hand, if the apertures are

too small, only a small fraction of the source ions are intercepted
by the lens, again resulting in image intensity reduction. Obviously
a compromise must again be effected.

The above indicated lens limitations constitute problems re-
ducible by optimum choice of lens design, positioning and operating
parameters. However, it should be indicated that other limitations
exist which are not so reducible. For example, a wide beam
divergence results in spherical aberration for which there are no

(6)

known solutions in electron optics and little recourse to minimizing

- 13 -



in the present situation. Finally, unless the lens is made to affect
the field inside the magnetron, it can under the conditions assumed,
supply no more than approximately 9 times the intensity available to
the Q plate aperture by itself, with the latter placed adjacent to
the source exit aperture. (This is the ratio of exit aperture area
to Q plate aperture area.) The latter figure actually appears much
too high. An intensity increase of 9 requires a magnification of
1/3 and hence an image to object distance ratio of 3. This forces
the lens back so that only a fraction of the beam solid angle emerging
from the source can be intercepted by it; a maximum of unity
magnification appears closer to the truth.

The above pessimistic conclusions are based on a necessarily
pessimistic, general approach to the problem which must assume a
broad, non-homocentric beam with a broad energy distribution (from
an optical viewpoint). A beam more favorable to lens action may
actually exist and the latter assumed problems may be minimal, hence

the necessity for experimentation.

2. Design and operation:

consists of

electrodes Ll’ L2, and L

chosen over cylindrical ones for compactness, versatility, and, for

A design employing plane electrodes were

reduction of both spherical aberration and ionic space charge effects.

The design chosen is that of an einzel lens which follows the pro-

(9

portions of the lens designed and studied by Zworykin . As




previously discussed, the einzel lens has the advantage of focusing
without increasing total ion energy, although the radial and axial
components of this energy are changed. Selection of Zworykin's
design has the advantage of making utilizable the focusing properties
determined and plotted from his experimental data and giving
assurance of an aberration-free design.

Lens focusing is accomplished by varying only the potential on
L2‘ Electrodes K2, Ll’ L, and Q are kept at the same potential

3
(ground) to provide a field-free region on each side of the lens

(10).
This is essential to aberration-free performance since fields on
either side of the lens would act to distort those of the lens it-
self. This arrangement also fulfills the zero potential requirements
of the axis of the quadrupole analyzer.

Lens focal lengths can be détermined from a graph published by
(11)

Zworykin and shown in Figure 4. As normally used for electrons,

*
chart potentials VC and VO correspond to the externally applied

electrode potentials. This is because lens potentials (to a good
(12)

approximation) are solely responsible for the electron's energy ,

or potential per unit charge (V/e), within the lens. For the cold

cathode ion source, however, ions have an initial spread of energies

upon emerging from the source which are independent of lens

electrode potentials. Ion energy within the iens is therefore the

sum of the ions initial energy and that resulting from lens potentials.
Chart potentials were therefore determined by first assigning

a negative electrode potential VI to correspond to the ion's initial

* Not to be mistaken for the collector potential symbol V used else-
where in the text.

- 15 -
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energy (e.g. VI = -30 volts for a 30 ev ion). If Vp; and V,, are
the externally applied potentials to L1 and L,, respectively, then,

since VLl is kept at zero volts,

V,+V

Figure 4 therefore indicates an infinite focal length for VL2
at zero volts and there is no lens action. The focal length de-
creases when VL2 is made either increasingly positive or negative.
The focal length approaches zero for VL2 positive and approximately
equal to VI. However, for negative values of VL2’ f —> 0 only as
VL2'+>oo. Thus Figure 5 can be used to determine focal lengths
for any combination of V, and'Vlz. When VC/Vo > 3, focal lengths can

only be estimated.

- 17 -




11 EXPERIMENTAL PROCEDURES AND AUXILIARY APPARATUS

Experimental source study was arranged into essentially three
stages, subsequent to preliminary tests, as follows: (1) Measure-
‘ment without a lens of ion current intensity vs energy as a function
of (a) pushe; c¢athode potential VKl and (b) distance from the ion
exit aperture K2° (2) Determination of lens effectiveness in im-
proving sensitivity and (3) Measurement of ion current intensity vs
energy as a function of gas composition and pressure.

The "Swagelok'" fitting was used in stages (1) and (2). It
allowed positioning of probe and lens via fhe positioning rod (Figure
without opening the flange and allowed each new distance between
compénents to be measured externally. Completion of stages (1) and
(2) allowed positioning to be fixed and allowed removal of the
"Swagelok'™ teflen washers, to permit high temperature bake out of the
source in preparation for stage (3).

Preliminary to experimental study, considerable care was
exercised in aligning internal source components. This was critical
for lens studies, since a narrowly focused beam might miss an off-
centered probe aperture, for example. Critical elements of the
magnetron and probe were assembled with the aid of alignment jigs.
These centered and spaced the elements within their respective mount-
ing cylinders. Lens elements were machine fitted. Subsequent to
assembly, the entire source, including the lens, was centered in a
lathe and alignment furtker checked with a cathetometer. Necessary

adjustments were made by bending the kovar to glass supporting studs.

- 18 -
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Prior to assembly, electronic components were polished to pre-
vent high voltage breakdown, undesirable field emission and un-
desirable electrostatic field perturbations.

The vacuum system employed is shown schematically in Figure 5.
A top view is shown photographically in Figure 6. The overall test
set up is shown in Figure 7. The vacuum system was divided into
upper and lower manifold units. This arrangement allowed the upper
portion to be oven baked while being pumped from below. Subsequent
to bake out, the upper manifold., thus cleaned, was valved off from
the lower and pumped on itself.

The upper manifecld ccnsisted of the cold cathode ion source,

a modulated Bayard-Alpert gauge, an 11 liter per second Ultek

Model 10-252 ion pump, a Granville-Phillips Type L ultrahigh vacuum
valve for valving off the upper manifcld from the lower and a Varian
valve for closing the ion pump. A Granville-Phillips thermostatically
controlled oven was used for baking the upper manifold system.

The lower manifold consisted of a 20 1/sec Ultek model 10—354
ion pump, a 2400 1/sec mechanical pump, a port for feeding gas to
the system and asscciated Granville-Phillips UHV valves for closing
off the three outlets.

Energy spectra were obtained with the aid of a battery operated
Keithley Model 600A electrometer. Measurements of collector current
IC vs collector potential VC were made by insulating the electrometer
from ground via a styrofoam block and reading currents with the

case raised to the selected VC values. Collector leakage currents,

- 19 -
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obtained with the anode potential off, were subtracted from collector
current readings after each set of readings were obtained.

Keithley Model 610 electrometers monitored the remaining electrode
currents IQ and IKl' A Moseley (Model 2D-2A) X-Y recorder proved
expeditious for recording source characteristics during the lens ex-

periments.

Magnetic field measurements were made prior to source studies

and again during lens experiments.

- 23 _




J1I EXPERIMENTAL RESULTS AND CONCLUSIONS

A. Ion Beam Studies Without the Lens

1. JYon energy distribution VSVVKI;

Initial experiments were concerned primarily with determining

which value of pusher cathcde potential VKl would provide the highest
ion beam intensity through the Q aperture and with determining the
resulting icn f{and electron) energy distribution. The results of
these experiments are shown in Figure 8. Collector current IC is
plotted vs collecter potential Vc for —110<Vc<+110 volts and for
—4O<VK1<+4O volts.

The K2 tc Q distance chosen was 0.61 inches, approximately the
same as used in the feasibility study. Anode potential was 5.6 KV
and the mean pressure was 5.5 x 10_8 torr (Nitrogen). The axial
magnetic field at the center of the magnetron was 1225 gauss
(mangetic field values given in the October report were in error).

The curves for positive Vc display steep slopes initially,
gradually leveling off as Vc increases. This indicates a pre-

dominance of low energy ions for all values of VKl’ enabling high

quadrupole apalyzer sensitivity. Highest sensitivities are in-
dicated for VKLS 0, since the ratio of differential collector current
to differential retarding potential (ZSICAQNC) is then greatest.
However, a predominant electron component is also indicated for VKLS 0.
This is evidenced by the negative IC values at zero Vc. For negative
values of vKl reliably to represent a quantitative ion energy dis-

tribution, it is therefore essential that the electron current passing
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through Q remain constant for all positive values of Vc.

Although Helmer and Jepson(ls) apparently assumed a constant
electrcn current when probing the ion energy distribution of a
Penning source having a large electron component, it was considered
essential to investigate this situation experimentally. For this

purpose, data on Ic vs negative Vc’ shown in Figure 8 was taken.

The verification sought was based in the following reasoning:

If the electron component remains constant for
positive Vc’ then the ion component must re-
main constant for negative VC. At some
negative value of Vc, when all electrons are
retarded, the total ion current will be in-
dicated as the absolute value of IC. This
value must therefore equal or exceed the ion
current, [&IC, indicated for positive values

of Vc’ over some range vac.

Over the negative VC range investigated, the data of Figure 8
fails to give the sought after verification.. For VC<—50 volts,

collector current is essentially constant and independent of VKl‘

The data therefore indicates that essentially all electrons have

been retarded. Hence a total ion current of approximately 0.5 x 10—9

amperes is indicated. This fails to equal or exceed ion currents

indicated for positive Vc’ when VKLS 0. For example, for V_.=-40 volts

K1
and AVC=100 velts (O<VC<+1OO volts),AIc=1.8 b4 10"9 amperes.
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Two explanations are possible. One is that some electrons
have not been retarded due to the presence of a higher energy com-
ponent, this would mean that the plateau value of IC does not
represent total jon current. The other explanation (possibly in
combination with the first) is that the change in IC with positive
Vc is caused by drawing in increasing numbers of electrons through
Q as Vc is made increasingly positive. Lens study data, discussed
in IIIB, supports the latter explanation. However, a careful
extension of the data to values of + Vc in the vicinity of anode
potential might be required to answer these questions more com-
pletely.

In Figure 9, differential collector currents, obtained from
the data of Figure 8, have been plotted against VKl for selected
intervals of retarding field potentials. In view of the above
discussion, only those currents plotted for positive values of VKl
can be considered a valid quantitative representation of ion beam

current as a function of energy (only small electron components

are indicated for these values in Figure 8). The values shown for

negative VKl are probably too high, although possible. Very likely,

they are of the same order of magnitude as those of positive vKl'

Values of Ic are shown to be essentially independent of positive

values of VKl' The percentage of the beam made up of particular

energy ions is shown to be essentially invariant with VKl with low
b

energy ions predominating.
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FIG. 9 DIFFERENTIAL COLLECTOR CURRENT VS PUSHER
CATHODE POTENTIAL FOR SELECTED INTERVALS OF
COLLECTOR POTENTIAL

AVC = 100V

Mean Pressure: 5.5 x 1078 torr
(Nitrogen)

Magnetic Field: 1225 Gauss

Anode Potential: 5600 Volts

K2 to Q Distance: 0.61 Inches
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Figure 10 shows a typical integral ion energy spectrum in-
dicated by the data of Figure 8. Ion beam sensitivity in amps/
torr is plotted against ion energy for VK1=+4O volts. It is
seen for example that ions between zero and 30 ev constitute
about 2/3 of the ions under 100 ev while ions between zero and 10

ev constitute about half.

2. 1Ion energy distribution vs distance:

In view of the above discussed lack of evidence of a con-
vincing sensitivity advantage of one value of VKl over others,
studies of ion energy spectra vs distance were conducted with
VK1=+40, zero and -40 volts. The results of these studies are
shown in Figures 11, 12 and 13 respectively. Differential
collector current between zero VC and selected positive values is
shown over a K2 to Q distance range of 0.14 inches to 1.83 inches.

Conditions are essentially the same as in previously
discussed data including a mean pressure of 5.5 x 10™8 torr. How-
ever, there is a pressure variation of + 0.3 x 10—8 torr. (The
data shown at 0.61 inches is taken from the data of Figure 8, al-
ready discussed). Difficulties were encountered with what appeared
to be changes in operational mode. As a result, cathode current IKl
was observed to change by as much as 35%. While care was taken to
preserve the same mode for all data taken, there is doubt about
the mode for VK1=+40 volts at 0.88 inches (Figure 11). The indicated

current therefore may be in error by as much as + 35%.
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SENSITIVITY (10 ~ AMPS/TORR)

-8
Mean Pressure: 5.5x10 torr (Nitrogen)
Magnetic Field: 1225 Gauss
* Anode Potential: 5600 Volts
K2 to Q Distance: 0.61 Inches

FIG. 10 SENSITIVITY VS INTEGRAL ION ENERGY
AT 0.61 INCHES.FOR VKl AT +40 VOLTS

ION ENERGY (ev)
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For all three values of Vg, the highest differential
collector current is seen to be obtained nearest the beam exit
aperture, (with the exception of values for VK1=+4O at a dis-~
tance of 0.88 inches for Vc>30 volts). A current peak also
occurs at a point more distant. For VKl = zero volts and +40
volts the second peak is approximately at 0.88 inches, while for
VK1=—40 volts it is further but less precisely indicated (due to
the limited data obtained). The precise energy distribution is
seen to vary with both distance and VKl' However, low energy ions
are indicated to predominate over all values of VKl and distance
in a manner approximating that shown in Figure 10.

Considering ions with energy <30 ev as an example, the high-
est indicated sensitivities are 5.5 ma/torr for VK1=+4O volts, at

distances of both 0.14 inches and 0.88 inches. For V_,.=zero volts

K1
and -40 volts the indicated sensitivities are 80 ma/torr and 76 ma/
torr respectively, both at 0.14 inches. However, in view of the

large electron component present for the latter two VKl

their sensitivity figures are probably too high, as discussed

values,

earlier,

The more conservative figure of 5.5 ma/torr obtained for
VK1=+4O volts at a distance of either 0.14 inches or 0.88 inches
compares with 5.1 ma/torr obtained with the source used in the
feasibility study. Since the latter used a Q aperture (then called

A-2) nine times the area of the present one, a minimum sensitivity

improvement of a factor of 10 is indicated without the use of a lens.
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B. Lens Effectiveness

Three positions of lens and probe were selected for ex-
rerimentation, as follows:

1. K2 to L2 = 1.38'" and K2 to Q = 1.83". This constitutes
an object distance (K2 to Lz) approximately three times the image
distance (L2 to Q) to provide a 1/3 magnification of the K2 exit
aperture at Q. A minimum of one L3 aperture diameter was left
between L3 and Q to prevent distortion of the lens field and con-
sequent aberration.

2. K2 to L2 = 0.82" and K2 toQ = 1.63". This constitutes
the closest proximity between K,, lens and Q for largest beam
fraction interception without lens field perturbatio;, either by
the magnetron field or adjacent electrodes. In the event of a
nearly parallel beam, nearly all ions would be focused into Q
{(discounting aberrations) by making Q the focal point.

3. K, to L2 = 0.46" and K, to Q = 0.90". This constitutes
approximately the clcosest distance between K,, the lens and Q
possible without the three physically touching each other. The
largest beam fraction is thereby intercepted by the lens while Q
is also closest for maximum demagnification, which in this case
is unity. There is no regard for field perturbations by electrode
or magnetron field proximity and the importance of such aberrations
vs the importance of intercepting a larger fraction of ion beam is.

thereby tested. The possibility exists of lens interaction with

the field of the magnetron for extraction of a larger number of ions

-~ 35 -




and of focusing a near parallel beam into Q (Mangnification is
then unimportant).

By varying lens potentials over several hundred volts, the
requisite focal distances for the indicated positions should be
attainable. This is discussed in Secfion ID together with a
fuller discussion of the reasons underlying the choice of the ex-
perimental conditions selected and of expected lens performance
limitations. |

Examples of data obtained at position I is shown in Figures
14 and 15 for VK1= zero and +40 volts, respectively. Collector
current Ic is shown plotted against lens potential VL2 for
-120<VL2<+120 volts. This was done for several values of re-
tarding potential VC, as shown, to note the effect on ions of
different energies, since focusing will be energy dependent. Other
conditions are essentially the same as for previously discussed
experiments without the lens.

It is seen in Figure 14 and to a lesser extent in Figure 15
that the ratio of differential collector current to differential

retarding potential,()ICAQVc, increases as V becomes more

L2
positive and decreases as it becomes more negative. Superficially,
this appears to indicate ion focusing and ion defocusing, respective-
ly. However, such behavior seems highly unlikely. An important
reason is that low energy ions are indicated to be convergent long

after VL2 is sufficiently positive to retard them; e.g., 10 ev ions

(indicated by Ic for O<Vc<10 volts) are still shown increasing when

- 36 -
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VL2 is +120 volts.

This anomalous bekavior can be accounted for by the focusing
of electrons in the beam. For VK1=O (Figure 14). this effect
predominates over ion focusing, over the VL2 range shown. Electron
focusing is evident because Ic goes negative as VLz goes positive
even when VC=O. However . as indicated by previous data obtained
without the lens, electrcns also appear to be drawn through Q
when Vc is made positive. Therefore, when VL2 is made increasingly
positive this effect would be enhanced and thus account for the

apparent increase in ion current. For VK =440 (Figure 15) this

1
effect is smaller since there are fewer electrons in the beam.
When VL2 1s made nmegative, low energy electrons are eventually

repelled. Figure 8 shows that at V_.=0 the electrons (or their

K1
low energy component) have a maximum energy of about 20 ev. In
Figure 144310 decreases until VC is approximately -20 volts. This

indicates that only at that point iszﬁlc purely ionic. The latter

effect is pronounced for V_.=0 volts because of the predominant

K1
electron beam component. This effect also accounts for the increase

in I at VCmOf where V

c Lo &oes negative. For V_.=+40 volts, the

K1
effect is negligible due to the very small electron component.
Thus, much of the anomalous ion defocusing, shown for negative VLZ’
appears accounted for.

The focusing pattern of pesition 1 was fepeated for position 2,
as indicated in Figure 16.

While a complete understanding of this complicated situation
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would require perhaps considerably more study, it must be con-
cluded that the lens provides no reliable improvement in ion
sensitivity. This‘possibility was anticipated and a number of
reasons for it discussed in Section ID.

Focusing was also investigated by plotting collector current
Ic against Q aperture current IQ as a function of VL2'

This was based on the reasoning that when focusing occurs,
it must be indicated by both a maximum positive Ic and by a
maximum IC/IQ ratio. A wider range of lens potentials were used
here, in consideration of the possibility that a space charge
effect in the lens might be altering its equipotential distributions.

A representative curve obtained for position 2 is shown in
Figure 17, for VK1=O volts. Arrows along the curve indicate the
direction taken by the data as VL2 was varied from O to +540 volts
and from O to -540 volts. JIon focusing is indicated for both

positive and negative values of V The most intense focusing

L2°

19 with a peak occurring at VL2=+510

volts. However, IC VS Vp curves obtained for V,,=+510 volts

is indicated for positive V

showed no improved ion current sensitivity in the energy range of
interest. The same results were obtained for VK1=+4O volts and
-40 volts.

The focusing curve obtained at position 3 is shown in Figure
18; it includes data for VKIEO, -40 and +40 volts. Figure 19 shows
the associated IC vs VC curves obtained at these focusing potentials,

for —40<Vc<+40 volts. As before, no improvement in ion current
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sensitivity is evident at these low energies. (On the contrary,

this approach has led to a decided ion current decrease.)

C. Vacuum Performance Characteristics

Subsequent to the above studies, the instrument was pre-
pared for the final stage of experimentation, requiring clean up
of the source and system for operation well below 10_9 torr.

This phase is primarily concerned with determination of the be-
havior of ion collector current as a function of pressure and
determination of the effects on the ion energy distribution of
gas composition.

The design originally called for replacement of the '"Swagelok"
connector with a ceramic feedthrough after sensitivity studies
were performed. However, it was decided that dummy "Swagelok"
fittings, substituting steel washers for teflon, would enable high
temperature bake out, while lens or Q plate feedthroughs could be
used for the collector.

Unfortunately, subsequent to high temperature bake out of
the source with the latter arrangement, leaks developed in three
of the feedthroughs, Re iring iihem without
hazarding new feedthrough welding operations proved unsuccessful.

It was therefore impossible to conduct the gas composition and

linearity studies under this contract. (Sensitivity of Ic and I
8

K1l
vs pressure was checked and found to be linear between 1 x 10~

and 5 x 10_8 torr.)
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IV QUADRUPOLE MASS SPECTROMETER DESIGN

A. Summary of Design Criteria

Reasons for selection of the quadrupole analyzer, discussion
of its general design criteria and mass scanning modes, as well
as associated references are contained in the final report for
Contract NAS1-2691, Task 2(3). The following design equations
and mode selection are taken from that report.

The quadrupole mass analyzer is illustrated in Figure 20 to-
gether with ion source and ion detector; symbols used in the
following discussion are also indicated. The analyzer consists
of four rods with superimposed steady state and r.f. potentials
on each. The r.f. potential on one pair of rods is 90° out of
phase with the other pair. Operation derives from the motion of
ions in the field of these rods. The descriptive equations of

their motion, using cartesian coordinate axes x, y and z, are

(1) Mx + e(U+V cos 2”73t)x/r02 =0

0

i

(2) My - e(U+V cos 2ﬂ7)t)y/r02

where M mass of the ion
= steady state rod potential

= r,f. rod potential

U
\'
e = electronic charge on the ion

r
o

frequency of the V potential

= radius of circle inscribed by the four rods
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Ion trajectories. determined from the solution of these
equaticns may be either stable of unstable. If unstable, or if
stable with amplitude > rb’ the ions will be captured by the
rods after a sufficient rumber of cycles or the r.f. field. The
filtering process operates by providing stable, bounded paths
only for tte mass selected. A stable trajectory exists if

. _ -20 2 2
(3i M= 2.30 x 10 V/,) I'o

A mass spectrum is thus scanned by varying V and/or'7i
(MKS units are used unless otherwise stated).

Three scanning modes have been described in the literature.
The mode selected requires the mass peak width, A M, to remain

constant. Since the resoluticn is determined from

(4) M _ 0.126
AN T O TeTRASUIV

the selected scanning mode and a choice of 1 amu for A M requires

that
_ _ - 2 2
(5) U =10.1678 V - 9,10 x 10 %V Ib

For a fixed peak width, 100% transmission of stable ions

can be obtained by satisfying the following conditions:

]
(6) Potential stability =5 Cé%)
(7) Frequency stability and dimensional
. = 1 AM
accuracy = z {&

.V AM
@) Upax = 15 &)
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where UTmax = maximum transverse energy of ions injected on

axis (in electrorn volts).

2
. ~ -3 L°V M
4\9) U ax = 5.82 X 10 ;——2- (_ﬁ)
(o]

where UAmax = axial ion energy
L = length of the quadrupole rods

1/2

{10) d .. =r0(

where dmax = maximum allowable beam diameter for axially

directed ions.

The power P required of the device is
(11) P = 2.36 x lO CM}’ 5 /Q

where C = total capacitance of the quadrupole
X
Q = figure of merit of the final tank circuit

of ihe r.f. generator.

i B. Design Chart

1. Construction:

complicated interelationships of quadrupcle design parameters and
thus to allow selection of characteristics that will be optimally
matched to those of the cold cathode ion source.

For the detection of masses from 2 to 100 amu, selection of
a mode where A M remains fixed and equal to 1 amu ensures that

essentially no adjacent peak overlap will occur. Imposition of the

* No relation to the Q aperture plate symbol used elsewhere in
the text.

{_¥4444kgw N - 49 -




requirements of equations (6) through (10) ensures essentially
100% transmission of stable ions. Design flexibility has thus
been reduced. However, still unspecified and/or undetermined,

are values for V, r , U d, P, U L,)J and U.

Tmax’ Amax’

To clarify the interdependency of these parameters, the
preceding design equations have been rewritten in terms of a
minimum number of variables. These are V, r)s and L (While
AM, M, C and Q also enter into the equations, they are fixed.
AM is 1 amu, M kas a maximum value of 100 amu and Q and C are
made as high and low, respectively, as practicable; reasonable
estimates of these values, which were used in the preceding
equations are Q=300 and C=100 p.f.);. Constants in the rewritten
equatiocns have been calculated for all variables in MKS units

except for M and AM, which are in amu.

The following equations remain unchanged:

- LM
(8 Uppax ( ) )
_ -3 L°v AM
(9) Upmax 5.82 x 10 ? (—M)
(10) a_ = r A41/2
max o' M

Equation (3) is rewritten to give7) explicitly in the new

units

(3a) 7) - 3710 _\h%

Equation (11) is rewritten by substituting M from equation
(3) andY from equation (3a). This gives

(11a) P = 1.52 x 10 -8 5/2/1' M 1/2

- 50 -



Equation (5) is rewritten by substituting7)from (3a). This

gives

(5a) U = V(0.16784 - 0.125/M)
cr

(5b) Umaxgs 0.168V (for M=100 amu)

The design chart was counstructed from a selected range of values
for V, s and L using the above equations. It is shown in
Figure 21.

Vv, rb, and L are independent of each other. All other para-
meters deperd on either V. Ib or both and are therefore tabulated

to their right. L effects only U and therefore heads only the

Amax
UAmax columns. The chart is constructed with M=100 amu, the largest

mass to be analyzed.

2. Interpretaticn and selection of values:

Once a design is chosen, T_, L, . Urpayx’ 208 U, o remain
fixed. L and ro remain fixed because they pertain to the physical

dimensicus of the quadrupcle (Figure 20). Frequency7) is kept

3w
1 L0

d by mocde cheoice. Fixed values of})and ru then force the ratio
V/M to remain fixed (Equation 3a). Since M=1 amu, and since V/M,

L and r  are fixed, UTmax and UAmax must also remain fixed (Equations
8 and 9).

As a consequence of the above fixed values, V, dm P and U

ax’
are mass dependent. This is evident by inspection of Equations 3a,
10. 1la, and 5a, respectively. Since numerical chart values are
calculated for M=100 amu, values of V, P and U shown are the maximum

required, while dm is the smallest required.

ax
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Selection of the mutually independent parameters V(for mass
100), r, and L specifies the quadrupole design. Determination
of optimum values will now be considered.

It is evident from the chart that the larger V is made, the
larger is the resulting analyzer sensitivity, since both UTmax
and UAmax are thereby irncreased. The value of V has no effect
on the maximum allowable beam diameter dmax and it poses no design
problem on frequencyjﬂ or steady state potential U over the ranges
tabulated. The upper limit on V is determined by the associated
power requiréments P. The higher V is made the larger is the re-
sulting P, with resultant increases in size and cost of the r.f.
power supply. The Atlas guadrupole described by Brunnée(14) uses
a power supply whose size appears reasonable. It produces 30
watts of r.f. power. in addition to other power requirements. This
is accomplished in a standard rack mounted chassis with 9 x 19
inches front panel dimensions. This would allow V in the 2000 to

3000 volt range and results in a U of about 2.00 ev.

Tmax
The chart illustrates that increasing r has two opposing

effects on quadrupole sensitivity: (1) It increases the sensitivity

by allowing increased beam diameter (Since dm is proportional to

ax
I;(Equation 10), area and hence sensitivity is proportional to roz).
(2) It decreases sensitivity by restricting the permissible axial

. . . 2
i is inversel roportional to i .
ion energy. U, .. y prop r,” (Equation 9)
Experimental results indicate condition (1) to be overriding since

the ion current rate of increase diminishes with increased ion
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energy (Figure 10).

The chart also shows that increased rs results in a beneficial
decrease in power requirements. Resultant frequency changes are
unimportant and no other parameters are affected. The primary
limitation on ro is the detrimental effect of large rod surface
area on vacuum performance.(Rod radius is 1.16 x ry: The diameter
of the total cross sectional area of the instrument is 6.64 ro.)
For V between 2000 and 3000 volts, an r, of about 1.0 cm appears
to be a reasonable compromise.

It is obvious that L effects only UAmax’ which is proportional
to L2 (Equation 9). It is therefore desirable to make L as large
as possible to increase sensitivity. However, the radial energy
component limitations (about 2.00 ev) imposed by power requirement
limitations, discussed above. limit the sensitivity gain resulting
from very long rods; few ions can be anticipated to have less than
a few percent of their total energy in a radial component. A UAmax
between 30 and 100 ev therefore appears adequate. This can be

accomplished with a rod length of about 20 cm for the above selected

values of ro and V.
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SUMMARY AND CONCLUSIONS

A new experimental cold cathode ion source has been designed
and constructed. The primary purpose was to investigate methods
of increasing the source sensitivity obtained in the feasibility
study, compatible with the requirements of a quadrupole mass
spectrometer. The source contains a probe for measuring ion energy

spectra through a 1 mm simulated quadrupole entrance aperture.

The probe's position is adjustable relative to the ion exit aperture.

The design includes an electrostatic lens and provision for com-
paring sensitivities both with and without the lens. Also included
is provision for testing for optimum cathode potentials. Modi-
fications have been made in the magnetic geometry used in the
feasibility study source; cylindrical ceramic magnets have reduced
external bulk considerably; elimination of pole pieces has in-
creased accessibility to the ion exit aperture and reduced internal
bulk and gas traps for improved UHV performance.

Methods of optimizing sensitivity without the lens were
Studied first. As a function of cathode potential, the sensitivity
remained constant for positive values and rose appreciably (up to
a factor of 7) for negative ones. An intense electron component
accompanied the negative potentials however, making the higher
sensitivities suspect; experiments conducted to verify them were
judged inconclusive.

A family of ion energy spectra were obtained as a function of




distance from the ion exit aperture. The energy distributions
over all distances and all cathode potentials (both positive
and negative) showed ions predominating at low energies and de-
creasing continuously with increased energy, a situation bene-
ficial to high quadrupole spectrometer sensitivity. Maximum
sensitivity occurred nearest the exit aperture and again at a
point more distant.

The highest sensitivity obtained for a positive pusher
cathode potential (+40 volts for example) and an ion energy
range of 0 to 30 ev (an acceptable energy range for a quadrupole
spectrometer) was 5.5 ma/torr (nitrogen). This was recorded
at both 0.14 inches and at 0.88 inches from the exit aperture.
This sensitivity, obtained through the 1 mm diameter probe
aperture compares with a somewhat lower figure obtained with a
3 mm diameter aperture used in the feasibility study. A minimum
sensitivity improvement of 10 has therefore been achieved, with-
out the use of a lens.

Frequent changes in sensitivity to pressure were observed
in the magnetron portion of the source. Cathode current changes
up to 35% were observed at constant pressure. Conditions to
which this apparent cperational mode switch is attributable, or
the pressure region to which it is confined, were not investigated
(due to leaking feedthroughs).

The sensitivity benefits of an electrostatic lens were next

investigated. A three aperture einzel lens was designed for this
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purpose. It has the advantage of focusing without increasing ion
energyv and enables suitable electronic coupling between source
and quadrupole. Analytical investigations conducted to determine
optimum design and cperation revealed severe lens limitation for
the particular conditions and requirements of the cold cathode
ion source. It indicated tkhat the lens would provide no benefit
in irncreasing source sensitivity over placing the quadrupole
close te the source, unless an especially favorable beam geometry
existed (e.g. a nearly parallel and mono-energetic beam).

Experimental studies were conducted for several positions of
lens and probe relative to tkhe icn exit aperture. A large range
of lens focusing potentials were applied and energy spectra were
obtained for selected values. The effect of differing cathode
potentials were also studied. It was concluded for each situation
that the lens provided no sensitivity improvement. However,
anomalies in lens cperation were also observed. These were
attributed to the presence of electrons in the beam and their re-
sulting focuszing and/or reflection. The results of electron re-
flecticn by the lens supported doubts about the validity of
higher sensitivities obtained for negative cathode potentials.

A quadrupole mass analyzer design chart has been constructed
covering a wide range of possible design values. Their inter-
dependence, which is rather complicated is thereby made evident.
As a result, a set of design parameters have been determined which

are optimally matched to both the experimentally determined
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characteristics c¢f the cold cathode ion source and the objectives
of a UHV mass spectrometer.

It is concluded that the next stage of development should
involve the physical coupling of a quadrupole mass analyzer and
the cold cathode ion source. The present basic source con-
figuration should be used and situated so that the quadrupole
entrance aperture is at one of the positions of greatest in-
tensity. Both analysis and experimental results indicate that a

lens will not benefit this situation.
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